is study highlights an investigation of using construction waste materials, i.e., Ahlat stone powder and marble powder, in fabricating interlocked paving stones. In this study, the durability and freeze-thaw strength of concrete paving stones produced from Ahlat stone powder and marble powder were increased by the special curing method. Six different types of paving stones were fabricated for study and were subjected to two different curing regimes. Tests of water absorption, splitting tensile strength, surface abrasion, and freeze-thaw were carried out for the specimens. In 3 days and at 20 ± 5°C of water curing, the splitting tensile strength was 3.7 MPa, the surface abrasion value was 9.8 cm 3 /50 cm 2 , and the freeze-thaw value was 0.39 kg/m 2 for those interlocked paving stones produced from Ahlat stone powder. After special combined curing, these improved to 3.9 MPa, 17.2 cm 3 /50 cm 2 , and 0.63 kg/ m 2 , respectively. Accordingly, for interlocked paving stones produced from marble powder, in 3 days and at 20 ± 5°C water curing, the splitting tensile strength, surface abrasion, and freeze-thaw were 3.9 MPa, 7.9 cm 3 /50 cm 2 , and 0.34 kg/m 2 , respectively. After special combined curing, these values improved to 4.1 MPa, 14.8 cm 3 /50 cm 2 , and 0.57 kg/m 2 , respectively. e findings of this study validate increase in durability and freeze-thaw strength of concrete paving stones with special curing.
Introduction
Concrete paving stones, which are widely used in urban roads, pavement, and recreation areas [1] , are fabricated by mixing cement, aggregate, water, and additives in certain ratios [2] . e history of parquet road applications could be traced back to as early as the age of the Roman Empire [3] . Currently, interlocked concrete paving stones have been popularized in European and American countries [4] . Concrete paving stones are produced in different grades, such as square cobblestones, tombstones, and interlocked paving stones, the third one being the most common [5] .
Interlocked paving stones offer many advantages, compared with concrete and asphalt pavements. First, the need for maintenance and repair is less. Second, the material is economical as only domestic materials are consumed during production. ird, the speed of production and the material capacities are higher. Fourth, they are readily accessible for traffic immediately after being laid on the road. Fifth, a damaged surface can be repaired in a short time by provision of a new paving stone, thus preventing the occurrences of unwanted patch defects on the coating surfaces. Sixth, they can be produced in different colors and shapes, hence, the variability and design flexibility. In contrast, there are a few disadvantages in using these materials. First, although the manufacturing process is easy, the application phase to the road surface is time-consuming and necessitates high-quality workmanship [6] . Second, concrete pavements may weaken over time due to corrosion, erosion, shrinkage, fatigue cracking, or the like [7] . ird, concrete pavements are believed to increase heat waves globally [8] .
e most common materials employed in the fabrication of interlocked pavement stones are crushed limestone aggregates. Relatively, this study investigates the use of alternative production materials, namely, waste materials, such as Ahlat stone powder and marble powder.
Ahlat stone is a solid waste that contributes to environmental pollution and waste landfills. Originally known as ignimbrites, Ahlat stone is widely used in Bitlis Province of the Ahlat region and is one of the pyroclastic rocks that contain abundant pumice and volcanic glass due to the explosion of Nimrod crater. Waste Ahlat stone powder is generated in a significant amount after stone cutting in the Ahlat stone quarries. Nevertheless, the presence of pores in the material body gives the extremely low compressive and bending strength, and therefore, such materials cannot be used as aggregates in concrete production. On this basis, Ahlat stone has limited applicability in the construction sector [9] and is rather used mainly as a wall stone in structures. However, the strength of Ahlat stone concrete pavement can be reinforced by mixing Ahlat stone powder with concrete using a special mixing method. Hattatoglu and Bakis stated that Ahlat stone powder was used as ignimbrite powder for producing reactive powder concrete and found out that the maximum compressive and bending strengths of the concrete were 124.99 MPa and 9.18 MPa, respectively [10] . Bostanci investigated the time-dependent weathering performance of various ignimbrites with varying color and textural properties collected from the Nevşehir region against physical and chemical influences. ey also evaluated the effect of deterioration on the physical and mechanical properties of the ignimbrite specimens, as well as the capillary water absorption characteristics relative to durability performance [11] . e author of this paper realizes that no study has been carried out yet regarding the use of waste Ahlat stone powder in the production of interlocked paving stones.
e Ahlat stone powder investigated herein is of the size range 0.15-0.60 mm.
Besides Ahlat stone, marble is another solid waste that contributes to environmental pollution and forms waste fields [12, 13] . A considerable amount of marble waste is formed upon removal of blocks as marble quarries are processed [14] . In this regard, there is an essential need for the conscientious evaluation of waste materials. Li et al. suggested an alternative technique called the paste replacement method, where marble dust is added as replacement to an equal volume of paste without necessarily changing the paste's mix proportions. Here, they produced a number of mortar mixes with different amounts of marble dust and added these as a replacement of either paste or cement to test the workability, compressive strength, and microstructure of the concrete material. Accordingly, they found that addition of marble dust as paste replacement has improved the strength and microstructure of the manufactured concrete [15] . Vardhan et al. investigated the strength, permeation, and microstructural properties of concrete incorporating waste marble as partial replacement of the fine aggregates and confirmed that waste marble has the potential as an alternate fine aggregate to improve the overall performance of the concrete, as well as for sustainable development [16] . Similarly, several studies investigated the use of marble waste as an additive to cementitious matrix building materials and confirmed that incorporation of marble waste significantly improved the mechanical properties and thermal insulation of concrete [17] [18] [19] . Using a special concrete mixing method for marble powder in concrete, the strength of marble concrete pavement can be increased. Some studies discussed the production of interlocked paving stones using marble aggregate and did not use marble powder in 100% of the aggregates in the production of interlocked paving stones. In this study, marble powder, of the previously mentioned size range, is used in 100% ratio of the aggregates. Specifically, this paper investigates the usability of waste materials Ahlat stone powder and marble in the production of interlocked paving stones. Six different types of interlocked paving stones are produced, under two different types of curing applications. Two curing types, namely, standard water curing and combined curing, were applied for the interlocked paving stones. e literature did not specify any standard for the combined curing of hardened concrete. erefore, a special combined curing type was applied for the interlocked paving stones.
Many experimental studies have been conducted on durability of concrete and mortar. Pathirage et al. investigated the effect of alkali silica reaction on the mechanical properties of aging mortar bars. Crushed limestone aggregates are used and mechanical properties of mortar at different curing temperatures are evaluated in their study [20] .
Water absorption, splitting tensile strength, surface abrasion, and freeze-thaw tests of different types of interlocked paving stones were carried out, and the results were compared with reference-interlocked paving stone concrete under specification limits [21] . e results of this study indicated that waste materials, such as Ahlat stone powder and marble powder, can be potentially employed in the production of interlocked paving stones. e findings of this study validate increase in durability and freeze-thaw strength of concrete paving stones with special curing.
Materials and Methods

Materials
Binders (Cement and Silica Fume).
e main material in the production of interlocked paving stones was CEM I 42.5 N Portland cement type, in accordance with TS EN 197-1 standard [22] . e cement material was supplied by Limak Cement Industry and Trade Inc.
A silica fume named MasterRoc MS 610, supplied by BASF Chemistry Industry and Trade Inc., was used in accordance with ASTM C 618 and AASHTO M 307 standards [23, 24] . e physical, chemical, and mechanical properties of the binders used in the production of the stones are shown in Table 1 [25, 26] .
Superplasticizer.
e material was supplied by BASF Chemistry Industry and Trade Inc. Its properties are listed in Table 2 [26] .
A superplasticizer named MasterGlenium 128, which is based on polycarboxylic ether, was used in accordance with TS EN-934-2 + A1 standard [27] .
Aggregates Used in Interlocked Paving Stones.
Six different types of interlocked paving stones were manufactured for the purpose of this study, as depicted in Table 3 .
In particular, RWC refers to the reference-interlocked paving stone produced from crushed limestone and obtained after 3 days at 20 ± 5°C standard water curing; RCC was obtained by a curing application combined to that for RWC; ASWC was produced from only Ahlat stone powder without coarse aggregate and obtained after 3 days at 20 ± 5°C standard water curing application; ASCC was obtained from a curing application combined to that for ASWC; MSWC was produced from only marble powder without coarse aggregate and obtained after 3 days at 20 ± 5°C standard water curing; and MSCC was obtained from a curing application combined to that for MSWC. Table 3 defines that coarse aggregates were not used in the production of ASWC and ASCC interlocked paving stones; rather, only 0.15-0.6 mm Ahlat stone powder was used as the aggregate.
Likewise, coarse aggregates were not employed in MSWC and MSCC interlocked paving stones; rather only 0.15-0.6-mm marble powder was used as the aggregate. Drinkable city water was for the production.
(1) Limestone Aggregate for the Production of RWC (Reference) and RCC Interlocked Paving Stones. Selected limestone aggregates were employed for the production and were supplied by Adabag Building Industry Incorporated Company. e chemical, physical, and mechanical properties of the aggregates are shown in Table 4 [28] , whereas the actual images are depicted in Figure 1 .
Note that the aggregates used in the production of the reference-interlocked paving stone (RWC) are crushed limestone within the size range of 0-16 mm, as indicated in Table 3 .
(2) Ahlat Stone Powder for the Production of ASWC and ASCC Interlocked Paving Stones. Figure 2 describes the appearance of Ahlat stone powder used in the production of ASWC and ASCC, which were retrieved from the Ahlat Ovakisla quarry. Tables 5 and 6 provide a list of the chemical [29] , physical, and mechanical properties of the Ahlat stone [29] . Table 6 describes the low unit weight of Ahlat stone, reflecting the stone's porous structure and, thereby, its low compressive and bending strengths. Figure 3 depicts the appearance of marble stone and marble powder used for the production of MSWC and MSCC. e marble powder was supplied by HMF Marble Industry. e chemical, physical, and mechanical properties of marble are listed in Tables 7 [30, 31] and 8 [31] , respectively.
In Table 8 , note that marble has low porosity, indicating its low water absorption property and, thereby, the material's high compressive and bending strengths.
Method.
Ahlat stone powder within the size range of 0.15-0.60 mm was the main component of the interlocked paving stones, whose production has been suggested by several studies through the use of marble aggregates. e literature did not mention the use of marble powder in 100% of the aggregates. Such is the context of this study, where marble powder of size 0.15-0.60 mm was incorporated in the production process. e usability of Ahlat stone powder and marble powder in the fabrication was validated in the fabricated six different types of interlocked paving stones, one of which was a reference concrete. Two curing applications were applied to the stones. Moreover, each stone type was subjected to water absorption, splitting tensile strength, surface abrasion, and freeze-thaw tests. Results of the tests for the new types were compared with the reference-interlocked paving stone concretes and specification limits under the TS 2824 EN 1338 standard (concrete paving blocks-requirements and test methods) [21] .
Mixture Ratio of Interlocked Paving Stones
(1) RWC and RCC Interlocked Paving Stones. As in Table 3 , crushed limestone was the aggregate for RWC and RCC. A sieve analysis of the aggregates was carried out in accordance with TS EN 933-1 standard [32] . e results are shown in Table 9 . Note from Table 9 that the aggregates were designed with 30% of the crushed coarse limestone and 70% of the limestone powder. Figure 4 illustrates the gradation curves for the aggregates.
Standard TS 802 emphasizes that the gradation curve for such aggregates must lie between lines A16 and B16 or between lines B16 and C16 [33] . e concrete aggregate granulometry conforms to TS802, as depicted in Figure 4 . e mixture ratio and amounts for the production of RWC and RCC interlocked paving stones are shown in Table 10 .
Accordingly, note from Table 10 that the aggregates were designed with components of 70% crushed limestone sand and 30% coarse limestone. Note also that the water/binder ratio of the concrete mixture was 0.35.
(2) New Type of Interlocked Paving Stones. Different theories of mixing have been applied to achieve a tight structure of the mixture forming materials [33, 34] . Such theories were derived from Mooney's suspension viscosity model [34] [35] [36] . Table 11 shows the different mixture ratios for Mooney's model for a paving stone unit [37] . Here, the water/binder and silica fume/cement ratios were 0.12 and 0.25, respectively. All samples taken had dimensions of 165 × 200 × 80 mm.
As shown in Table 11 , Portland cement and silica fume were considered together as binder for calculating the water/ binding ratio.
(3) ASWC and ASCC Interlocked Paving Stones. e mixing ratio and amounts established for ASWC and ASCC are listed in Table 12 . e ratio between the total mixture weight and the amount of cement for one unit of the paving stone can be obtained using the following equation: total concrete mixture weight � 2.806 × cement weight.
(1) Accordingly, 1 m 3 of the concrete mixture weight corresponds to 2200 kg. Using equation (1), the amount of cement in the mixture was calculated at 784 kg. us, the amount of other materials used in the production of ASWC and ASCC was based on this calculated quantity, as depicted in Table 12 .
In Table 12 , note that the water/binder and silica fume/ cement ratios for the concrete mixture were 0.35 and 0.25, respectively. e mixing ratio and amounts are listed in Table 13 .
Here, 1 m 3 concrete mixture corresponds to a unit weight of 2200 kg. Using equation (1), the amount of cement in the mixture was calculated at 784 kg. us, the amount of other materials used in mixing ratios for MSWC and MSCC was based on this quantity, as depicted in Table 13 . e water/binder ratio for both MSWC and MSCC was equal to that for RWC and RCC.
Curing
Types. Two curing types, namely, standard water curing and combined curing, were applied for the interlocked paving stones. e literature did not specify any standard for the combined curing of hardened concrete. Hattatoglu and Bakis stated that the combined curing type with the highest compressive strength was obtained with consecutive water curing at 20°C for 7 days, hot water curing at 90°C for 2 days, and drying oven curing at 180°C for 2 days [10] . In the study, the test results of RWC, ASWC, and MSWC samples were determined after standard water curing at 20 ± 5°C for 3 days, whereas the test results of RCC, ASCC, and MSCC samples were determined after combined curing at 20 ± 5°C standard water curing for 3 days, and Advances in Materials Science and Engineering 5
200 ± 5°C drying oven curing for 2 days. A description for each type of curing is provided in Table 14 . Accordingly, the specimen code for the interlocked paving stones, the type of aggregate in the concrete mixtures, and the types of curing are shown in Table 15 .
From Table 15 , the standard curing was for 3 days at 20 ± 5°C, whereas the combined curing involved 3 days at 20 ± 5°C of the standard water curing, followed by 2 days at 200 ± 5°C of drying oven curing.
Test Methods.
e water absorption, splitting tensile strength, surface abrasion, and freeze-thaw tests for the interlocked paving stones were performed in accordance with TS 2824 EN 1338 standard [21] . is standard covers the materials, properties, requirements, and test methods of the cement-bound concrete pavement blocks without reinforcement used for floor covering. is standard specifies the use of concrete pavement blocks such as sidewalk pavement, bicycle lane pavement, parking lots pavement, and road pavement. (1) Water Absorption Test Method. e water absorption test is performed to determine the water absorption percentage of the samples. e samples were left in the curing pool at 20 ± 5°C for 3 days until constant weight was reached. e samples were then removed from the curing pool, dried, and weighed. is way, the initial weight (M 1 ) of the test samples was found. e samples were then placed in the drying oven and dried for 3 days at 105 ± 5°C until constant dry weight (M 2 ) was reached. e water absorption (W a ) of each sample was calculated in terms of weight percentage using the following equation:
In the calculation, three samples from each type of interlocked paving stones were taken, and the average of the three values was obtained. e curing process at 200°C changes the microstructure, i.e., the pore structures. After the curing process at 200°C, the water absorption test was not made because this test for the interlocked paving stones was performed in accordance with TS 2824 EN 1338 standard. Nonstandard application was not performed.
(2) Splitting Tensile Strength Test Method. Splitting tensile strength tests for the interlocked paving stones were performed in accordance with TS 2824 EN 1338 standard [21] . e splitting tensile strength test is carried out to give information about the strength of the materials. A load was applied by increasing the tension per second (0.05 ± 0.01 MPa). e test results were calculated using the following equations [21] :
where S is the splitting area (mm 2 ), L is the splitting section length (mm), t is the interlocked paving stone thickness (mm), T is the splitting tensile strength (MPa), P is the splitting load (N), k is the correction coefficient, and F is the splitting load per unit area (N/mm). As mentioned in the earlier sections, each interlocked paving stone had dimensions of 165 × 200 × 80 mm. For each specimen, the calculated values for L, t, S, and k were 200 mm, 80 mm, 16000 mm 2 , and 1.00, respectively. Following the TS 2824 EN 1338 standard [21] , eight samples were broken for each type of interlocked paving stones. e splitting tensile strength was calculated as the average of the values.
(3) Surface Abrasion Test Method.
e abrasion test is carried out to measure the resistance of materials to surface abrasion. e Böhme abrasion test is designed to obtain abrasion loss. A total of 16 cycles, each with 22 subcycles, were applied to the samples. Abrasion loss (ΔV) at the end of the 16 cycles was calculated through the following equation [21] :
where ∆V is the volume loss after 16 cycles (cm ), ∆m is the mass loss after 16 cycles (g), and ρr is the density of the sample (g/cm ). ree samples from each type of interlocked paving stones were taken, and the abrasion loss was calculated as the average of all three values obtained.
(4) Freeze-aw Test Method. e freeze-thaw test is performed to measure durability of materials. Freeze-thaw tests for the interlocked paving stones were performed in accordance with TS 2824 EN 1338 standard [21] . Figure 5 displays temperature and time cycles for the freeze-thaw test according to the TS 2824 EN 1338 standard [21] .
Limit values of temperature and time cycles for the freeze-thaw test are given in Table 16 .
Each interlocked paving stone was cut to a dimension of 120 × 80 × 80 mm. e surface area applied for the freezethaw test was 9600 mm 2 . e mass loss (I) per unit area of the sample was calculated using the following equation [21] :
where M is the total mass loss of material leaving the specimen after 28 days of cycles (kg), A is the surface area applied for freeze-thaw (m 2 ), and I is the mass loss per unit area (kg/m 2 ). For the freeze-thaw value, three samples from each type of interlocked paving stones were taken, and the average of these three values was calculated. Advances in Materials Science and Engineering 7 RCC (6-2), ASWC (2-1) and ASCC (2-2), and MSWC (4-1) and MSCC (4-2) interlocked paving stones, respectively.
Results and Discussion
Results of the Water Absorption
Test. e results of the water absorption test for each type of the fabricated interlocked paving stones are shown in Table 17 .
As indicated, the water absorption values of the new type of interlocked paving stones produced from Ahlat stone and marble powder were lower by approximately 5% and 20.34%, respectively, than that of RWC. Figure 7 provides an illustrative graph for the results.
From Table 17 and Figure 7 , a specification limit was defined by the water absorption by weight (W a ) values of the interlocked paving stones. Accordingly, Figure 8 illustrates the unit volume weight for each paving stone.
TS 2824 EN 1338 [21] does not define a specification limit for the unit volume weight of the interlocked paving stones. Four of the new types of interlocked paving stones, namely, RCC, ASWC, ASCC, and MSCC, were lighter than RWC. In contrast, MSWC was heavier than RWC. Figure 9 shows actual images of the broken specimens subjected to the splitting tensile strength test.
Results of the Splitting Tensile Strength Test.
Accordingly, the results of the splitting tensile strength test are indicated in Table 18 . e splitting tensile strength of RWC increased by approximately 5%, with the application of combined curing.
Similarly, the splitting tensile strength of all other interlocked paving stones with applied combined curing was higher by 5% than those applied with standard water curing.
is was due to the application of high heat to the concrete paving stone by combined curing. Hydration of the cement was accelerated by combined curing. In this way, higher strength was obtained than the concrete paving stones. Figure 10 shows the results of the splitting tensile strength test.
From Table 18 and Figure 10 , the values of splitting tensile strength and splitting load per unit area (F) for the interlocked paving stones defined a specification limit. Specifically, the splitting tensile strength of all new interlocked paving stones was higher than that for RWC. us, ASWC, ASCC, MSWC, and MSCC proved more resistant than RWC by 2.78%, 8.33%, 8.33%, and 13.9%, respectively. Figure 11 displays the abrasion test of RWC (6-1), RCC (6-2), ASWC (2-1), and MSWC (4-1), respectively.
Results of the Böhme Abrasion Test.
Results of the Böhme abrasion test for all the interlocked paving stones are listed in Table 19 .
From Table 19 , the abrasion loss of RCC, ASWC, ASCC, MSWC, and MSCC was higher by approximately 9%, 7%, 87%, 14%, and 61%, respectively, than that of RWC. Figure 12 illustrates the results of the Böhme abrasion test for the interlocked paving stones.
Based on Table 19 and Figure 12 , there was a defined specification limit for the values of abrasion loss for all specimens.
Results of the Freeze-aw Test.
All abrasion values of the interlocked paving stones provide the specification limits, as shown in the results of the freeze-thaw test in Table 20 . e freeze-thaw mass loss of RCC, ASWC, ASCC, and MSCC was higher by approximately 37%, 11%, 80%, and 63%, respectively, than that of RWC. In contrast, the freeze-thaw mass loss of MSWC was lower by approximately 3%. e freeze-thaw mass loss of RCC, ASCC, and MSCC was higher, respectively, than that of RWC, ASWC, and MSWC. Figure 13 describes the results of the freeze-thaw test. Such a high temperature (200°C) induces other durability issues, such as delayed ettringite formation, since ettringite is not formed during the hydration process. erefore, freezethaw values of RCC, ASCC, and MSCC were higher, respectively, than that of RWC, ASWC, and MSWC. From Table 20 and Figure 13 , the values of mass loss per unit area (I) for all paving stones de ned a speci cation limit. Results of all the tests performed for the interlocked paving stones are summarized in Table 21 .
As such, all ve new types of interlocked paving stones, namely, RCC, ASWC, ASCC, MSWC, and MSCC, de ned the speci cation limits of test results. Type of interlocked paving stone Specification limit ≤ 18 Figure 12 : Results of the abrasion test for the interlocked paving stones.
Conclusions
e usability of waste materials Ahlat stone powder and marble powder in fabricating interlocked paving stones was the focal subject of investigation for this study. As there was no study in the provided literature that considered the production of interlocked concrete paving stones with Ahlat stone powder, such was realized with Ahlat stone powder of size range 0.15-0.60 mm. Since the porosity of the Ahlat stone is high, it cannot be used as coarse aggregate in the concrete mixture. With the special curing method, durable concrete paving stones are produced from waste Ahlat stone powders. Likewise, a few studies considered marble aggregate in the production of interlocked paving stones, and none of these employed marble powder in 100% ratio of the aggregates, which was realized herein, with marble powder specimens of size range 0.15-0.60 mm. Six di erent types of interlocked paving stones were fabricated under two curing types, one of which was a reference concrete. Tests of water absorption, splitting tensile strength, surface abrasion, and freeze-thaw for each interlocked paving stone type were carried out. Test results for the ve new types of concrete were compared with the reference-interlocked paving stone concrete under specication limits. e ndings of this study can be generalized as follows:
(i) Waste materials, i.e., ignimbrite (Ahlat stone) powder and marble powder for this study, can be used in the production of interlocked paving stones.
(ii) Combined curing increases the splitting tensile strength of interlocked paving stones at 5%, on average. (iii) New types of interlocked paving stones were produced from the cited waste materials. Of these, ASCC is the lightest (in particular, it was approximately 10% lighter than the reference-interlocked paving stone (RWC)); MSCC achieved the highest splitting tensile strength, and MSWC had the lowest abrasion loss. Type of interlocked paving stone Specification limit ≤ 1 Figure 13 : Results of the freeze-thaw test for the interlocked paving stones. 
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Advances in Materials Science and Engineering (iv) e abrasion loss of interlocked paving stones subjected to combined curing was higher than those applied with standard water curing, which indicates the progressing damage on the surface over time under high temperatures.
(v) MSWC had the lowest freeze-thaw mass loss, which indicates its higher resistance to damage than the other types under long-time, adverse climatic conditions. (vi) Subsequent scientific studies may extend delayed ettringite formation and fatigue and impact tests for the new types of interlocked paving stones fabricated in this study. (vii) Delayed ettringite formation for the new types of interlocked paving stones can be investigated in subsequent scientific studies.
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